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Organic Emissions from Coal Pyrolysis:
Mutagenic Effects
by Andrew G. Braun,* Mary J. Wornat,t Amitava Mitra,t and
Adel F. Sarofimt*
Fourdifferenttypes ofcoal have beenpyrolyzed in alaminarflow, droptubefurnace inordertoestablish
a relationship between polycyclic aromatic compound (PAC) evolution and mutagenicity. Temperatures
of 900K to 1700K and particle residence times up to 0.3 sec were chosen to best simulate conditions of
rapid rate pyrolysis in pulverized (44-53 ,um) coal combustion. The specific mutagenic activity (i.e., the
activity per unit sample weight) ofextracts from particulates andvolatiles captured on XAD-2 resinvaried
with coal type according to the order: subbituminous > high volatile bituminous > lignite > anthracite.
Totalmutagenic activity (theactivity pergramofcoal pyrolyzed), however, variedwithcoaltypeaccording
to the order: high volatile bituminous >> subbituminous = lignite >> anthracite, due primarily to high
organic yield during high volatile bituminous coal pyrolysis. Specific mutagenic activity peaked in a
temperature range of 1300K to 1500K and generally appeared at higher temperatures and longer residence
times than peak PAC production.
Introduction
In the United States, coal combustion is responsible
for a substantial but difficult to quantify fraction ofthe
polycyclic aromatic compounds (PAC) emitted into the
atmosphere (1,2). In areas where coalis widely used for
space heating, the chemical composition of ambient air
particulates is similar to that in coal soot (3). Clearly,
incomplete coal combustion plays a significant role in
atmospheric pollution. As particulates originating from
coal combustion are animal (4) and human (5) carcino-
gens, the effects of atmospheric coal combustion PAC
on human health may be substantial.
Airpollution standards areconcerned withthecontrol
ofparticulate, NO., and SO. emissions rather than the
level of potentially carcinogenic PAC. Unfortunately,
there is a possibility that many futrnaces operating in
compliance with these standards are emitting substan-
tial quantities oftoxic materials. For example, the total
amount of bacterial mutagens emitted by a residential
oil burner was similar when operated under low and
high sooting conditions (6). Although less organic ma-
terial was emitted at low sooting, its specific mutagenic
activity wassufficientlyhighthatit counterbalanced the
reduced mass of emitted material. Paradoxically, toxic
organicemissions are oftenincreasedby processes, such
as staged combustion, designed to reduce NOx emis-
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sions (7). Hence there is aneed to quantifythe emission
of PAC from coal-fired systems.
Coal combustion is thought to occur in two stages. In
the first stage coal is pyrolyzed, releasing volatiles that
burn in diffusion orpartiallypremixed flames. The second
stage is the combustion of char, the solid carbonaceous
residue. Under ideal circumstances all PAC generated
duringpyrolysis areconsumedduringcombustion, leaving
only CO2, water, and inorganic materials in the effluent.
However, inadequate time, temperature, or oxidant con-
centrations can leave some of the pyrolysis products un-
burned.
A systematic investigation ofthe factors which influ-
ence the level ofmutagen emissions from coal furnaces
must begin with a study of coal pyrolysis. We have
therefore collected gas and particulate samples during
nonoxidative coal pyrolysis under controlled conditions
using a laminar flow drop tube furnace. Experimental
variables were coal type, pyrolysis temperature, and
residence time. Samples were collected, weighed and
tested for mutagenic activity in bacteria. We wished to
document the appearance and disappearance of bacte-
rial mutagens with time and temperature and to relate
mutagen production to coal type.
Materials and Methods
Coals
The coals chosen for this study were a Montana lig-
nite, a Montana Rosebud subbituminous, a Pittsburgh
high volatile bituminous, and a Primrose anthracite.BRAUN ETAL.
Coal samples were obtained from the Pennsylvania
State Coal Sample Bank, University Park, PA. Ele-
mental composition and other properties are presented
in Table 1.
Furnace
The organic extracts examined in this study were
derived from coals pyrolyzed in a laminar flow drop-
tube furnace, whose design was a modification of one
originally developed at the British Coal Utilization Re-
search Association (8) and subsequently used by other
workers (9-12). This typeoffurnace simulates therapid
pyrolysis ofcoal-a process common to pulverized coal
combustion and entrained flow gasification. These pro-
cesses normally involve finely ground coals, heated at
veryhigh rates tohigh temperatures. The experimental
conditions of this study were selected to simulate in-
dustrial processes.
The apparatus has been described in detail elsewhere
(9). Briefly, a fluidized stream of44- to 53-,um coal par-
ticles were injected in argon into a 50.8 mm diameter
laminar flow drop tube chamber electrically heated to
temperatures inthe range of900Kto 1700K. In atypical
run, between 0.3 and 04. g of coal were injected into
the furnace. Pyrolysis products were collected at sev-
eral points with a water-cooled copper probe by chang-
ing the injector to collector distance. On entering the
probe, gases and particles were quenched by a stream
ofcooled argonthat entered theprobethrough openings
in its tip and through sintered inner surfaces. The con-
tinual argon flow through the wall ofthe collection tube
prevented particles from diffusing to its inner surface.
The sampling stream passed through a centripeter and
a four-stage Andersen cascade impactor to collect and
separate soot and charparticles. Gases passingthrough
a final teflon filter were routed through a bed of XAD-
2 resin to collect volatile organics.
By taking samples at successively longer distances
from the injector, the products ofincreasingly long py-
rolysis times can be collected. Thus, distance between
injector and collector can be directly related to particle
residence time in the furnace. Unfortunately there is a
complex, nonlinear relationship between the distance
traversed by the coal particle and the time the particle
isatnominalfurnace temperature. Evenundercarefully
controlled conditions, particle velocity, and therefore,
residence time, are related to gas temperature and po-
sition in the furnace. A theoretical modelrelatingthese
parameters has been constructed by Nenniger (10) and
can be used to estimate particle residence time as a
function of distance between injector and collector. In
the current study, samples were taken at four injector-
collector distances: 3.8 cm, 7.6 cm, 11.4 cm, and 15.2
cm. The approximateresidence times atthese distances
are estimated by Nenniger's model to be roughly <50
msec, 100 msec, 200 msec, and 300 msec, with the num-
bers varying predictably with temperature.
Sample Processing
Char, soot, and XAD-2 resin were separately ex-
tracted for 18 hr with methylene chloride in a Soxhlet
extractor. Each extract was concentrated from 500 mL
to roughly 5 mL in a rotary evaporator. To determine
extract concentration, an aliquot was taken to dryness
and its weight measured on a microbalance. The re-
maining extract was dried under nitrogen and stored at
4°C. Care was taken to avoid exposure to near ultra-
violet light.
Bacterial Mutagen Measurements
Extract dissolved in dimethyl sulfoxide was tested
for its ability to induce 8-azaguanine resistant mutants
in Salmonella typhimurium according to the methods
of Skopek et al. (13,14). In this system several concen-
trations of extract were incubated with S. typhimu-
rium, strain TM677, for 2 hr in the presence of 5%
Aroclor-induced rat liver post-mitochondrial superna-
tant (PMS) and an NADPH-generating system. In a
typical experiment, extracts were tested at 10, 30, 100,
and 300 ,g/mL. The cell suspension was then plated in
the presence of 8-azaguanine to measure induced mu-
tant frequency. Dilutions were plated in the absence of
selective agent to measure cell survival following treat-
ment. All extract concentrations were incubated in du-
plicate and plated in triplicate. Each experiment also
included a negative (DMSO) and positive (benzo-
[a]pyrene) control incubation. After a 44-hr incubation,
Table 1. Characterization of coal studied.a
Heating
%Cb %Hb %Nb %SC %Ob %VMd H/Ce o/Ce valuef
Montana lignite 69.97 6.36 1.13 1.08 22.54 36.20 1.091 0.242 8,809
Montana Rosebud subbituminous 77.63 4.88 1.27 1.12 16.22 35.16 0.734 0.157 11,050
Pittsburgh HVB9 (PSOC 997) 85.86 5.97 1.89 1.72 6.22 36.98 0.836 0.054 15,303
Primrose anthracite (PSOC 869) 95.73 1.77 0.79 0.54 1.69 3.32 0.222 0.013 14,705
aAssays performed by the Pennsylvania State Coal Sample Bank.
bDry, mineral-free basis.
cDry, ash-free basis.
dVolatile materials on an as-received basis.
eAtomic (Parr).
'Btu/lb; dry, mineral-free basis (Parr).
gHigh volatile bituminous.
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the colonies were counted and mutant frequency and
survival calculated.
There is no single parameter that can adequately de-
scribe the complex, usually sigmoidal, dose-response
relationship between extract concentration and the in-
duced mutant frequency. However, it is necessary to
use a simple quantitative measure of mutagenicity to
compare the activities of the numerous extracts ex-
amined here. Wehave chosentousethemaximumdose-
responseslopetodescribethemutagenicactivityofeach
extract in this paper with the full knowledge that this
simple parameter mayobscure important aspects ofthe
mutagenic activity ofthe samples.
Partition ofextractable organics between char, soot,
and vapor is a function of the collection temperature.
Atlowcollectortemperatures, organicstendtobefound
on particles, while at high collector temperatures, the
organics tend toremaininthe vaporphase. Therelative
amounts ofmutagenic activityin the three forms isthus
a function of collector temperature and does not shed
light on the pyrolytic process itself. Therefore, we have
mathematically combined the mutagenic activities of
soot, char, and XAD-2 resin extracts into a single unit
according to the following formula:
Mt = (lIWt) [(M.)(WO) + (Mc)(Wc) + (MX)(WX)]
whereMt, M8, Mc, andMX are the maximum mutagenic
slopes of the total, soot, char, and XAD-2 extracts,
respectively, and where W8, Wc, and W,, are the total
weights of soot, char, and XAD-2 extracts, respec-
tively. Wt is the sum ofthe soot, char, and XAD-2 ex-
tract weights.
It should be appreciated that the partition of toxic
materials between vapor and solid phase is ofenormous
importance to the public health. Particle-borne PAC
remain in the lung considerably longer than free PAC
and therefore have more opportunity to do harm. In
our studies, a small, practically negligible fraction of
the PAC was collected with the char. The distribution
between soot and XAD-2 extracts depended upon col-
lector temperature, with the higher molecular weight
compounds being found in higher concentration in the
soot extract, as expected (11).
Results
The specific mutagenic activity ofemissions from the
laminar flow drop tube furnace varied with coal type,
furnace temperature, and duration ofpyrolysis.
Effect of Coal Composition
Figure 1 shows that, for a particle residence time of
roughly 300msec, the specific activityofemissions from
each ofthe four coals increased with pyrolysis temper-
atureto 1500K. At 1700K, however, thespecificactivity
declined substantially.
From the standpoint ofthe public health, the specific
biological activity of emissions is of less interest than
thetotalactivityemitted, i.e., thespecificactivitytimes
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FIGURE 1. Specific mutagenic activity of methylene chloride ex-
tracts ofsoot, char, and material collected on XAD-2 resin at 15.2
cm as a function of furnace temperature. Mutagenic activity is
displayed intermsofthemaximumslopetakenfromdose-response
curves. Coals: (0) Montana lignite, ([1) Montana Rosebud sub-
bituminous, (A) PSOC 997 Pittsburgh high volatile bituminous,
(0) PSOC 869 Primrose anthracite.
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FIGURE 2. Weight of extracted organics per gram of coal injected
as a function offurnace temperature. Coals: (0) Montana lignite,
([) Montana Rosebud subbituminous, (A) PSOC 997 Pittsburgh
high volatile bituminous, (0) PSOC 869 Primrose anthracite.
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the total weight emitted. As shown in Figure 2, for all
four coals, the weight ofextractable material per gram
ofcoal consumed increased withpyrolysis temperature,
reaching a maximum between 1100K and 1300K. At
higher temperatures yield declined. Thus the total ex-
tractable emission yield reached peak values at some-
what lower temperatures than peak specific activity.
Multiplying the specific activity shown in Figure 1 by
the yields in Figure 2 generates the total emitted mu-
tagenicity per gram ofcoal pyrolyzed (Fig. 3). For two
coals, the high volatile bituminous and the subbitumi-
nous, the greatest mutagen emissions were found at
1500K for a 300 msec (15.2 cm) residence. Peak total
activity for lignite was found at 1500K while anthracite
mutagenicity was negligible at all temperatures. In all
cases total mutagen yield declined to near zero if the
300 msec (15.2 cm) pyrolysis took place at 1700K.
Effect of Residence Time and Pyrolysis
Temperature
To examine the effects ofpyrolysis temperature and
time, it is illustrative to focus on the high volatile bi-
tuminous coal, which exhibits both the highest specific
mutagenicity and the highest extractable yield of the
coals studied. The yield of extractable chemicals per
gram of coal varied markedly with the duration of py-
rolysis. Figure 4 shows that maximum yield was
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FIGURE 3. Total mutagenic activity per gram of coal injected as a
function of furnace temperature. These data were generated by
multiplying the slopes in Fig. 1 by the yields per gram of coal in
Fig. 2. Coals: (0) Montana lignite, ([) Montana Rosebud subbi-
tuminous, (A) PSOC 997 Pittsburgh high volatile bituminous, (0)
PSOC 869 Primrose anthracite.
achieved at progressively shorter residence time as fur-
nace temperature increased.
This regularbehaviorwas notreflected inthe specific
mutagenicity of the samples. Figure 5 shows that the
greatest activity was found at 200 msec (11.4 cm) when
pyrolysis occurred at 1100K or 1500K; while at 1700K,
the specific mutagenic activity was relatively constant
from 50 to 300 msec (3.8-15.2 cm).
Once again multiplying the specific mutagenicity in
Figure 5 by the extractable yield in Figure 4 generates
the total mutation yield per gram of coal consumed,
plotted in Figure 6. A regular pattern emerges. At
1100K total mutation yield is greatest at 200 msec (11.4
cm); at 1500K, 100msec (7.6 cm); and at 1700K, 50msec
(3.8 cm) or less. Thus, peak mutagen yield appears pro-
gressively earlier in the furnace as the temperature
rises.
Discussion
Coal Type
The four traces in Figure 1 show that specific mu-
tagenicity generally decreases in the order: subbitu-
minous
- high volatile bituminous > lignite > anthra-
cite, indicating that the chemical nature ofthe organic
products produced in pyrolysis depends on the compo-
sition of the parent coal. Table 1 reveals no trend in
element abundance that parallels that of specific mu-
tagenicity, so we conclude that it is the chemical struc-
ture ofthe coal, and notjust its elemental composition,
that accounts for compositional differences in the py-
rolysis products.
From Figure 1 and Table 1, one might observe the
similaritybetweenspecificmutagenicity andthevolatile
matter content ofthe coal: the subbituminous, bitumi-
nous, and lignite are high and roughly equal; the an-
thracite is low. Because volatile matterresultsfromthe
cleavage of weak bonds connecting substituent groups
(e.g., alkyl, hydroxyl, carboxyl, etheric, amino) to the
coal's aromatic clusters and the bridges (e.g., methy-
lene, etheric) between aromatic clusters, one might
speculate that the effect of temperature on mutagenic
potential is a consequence of both increasing cleavage
of such bonds and the parallel condensation reactions
leading to higher molecular weight compounds.
Figure 2 demonstrates the ranking ofcoal type with
respect to extractable organic yield: high volatile bi-
tuminous >> subbituminous = lignite >> anthracite.
Yield differs more pronouncedly with coal type than
dose specific mutagenicity, so total mutagenicity (as
plotted in Fig. 3) displays the same coal type ordering
as organic yield. It should be noted, however, that at
high temperatures (¢ 1500K), total mutagenicities dif-
fer only slightly. Thus, even though the high volatile
bituminous coal produces extractable material of no
higher specific mutagenicity than the subbituminous
and lignite coals, its larger yield makes it moreharmful,
from the standpoint ofpublic health. The anthracite, a
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FIGURE 4. Weight ofextracted organics per gram ofPSOC 997 high volatile bituminous coalinjected as afunction ofdistance betweeninjector
and collector. The correspondence between distance and residence time is not linear. It is estimated that the residence time at 3.8 cm is
<50 msec, for 7.6 cm: 100 msec, 11.4 cm: 200 msec, and 15.2 cm: 300 msec.
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FIGURE 5. Specific mutagenic activity of methylene chloride extracts as a function ofinjector to collector distance.
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FIGURE 6. Total mutagenic activity per gram of coal injected as a function of injector to collector distance. These data were generated by
multiplying the slopes in Fig. 5 by the yields per gram ofcoal in Fig. 4.
highlygraphitized coalwith little substitution, produces
small quantities ofbarely active mutagenic material.
Pyrolysis Temperature and Time
Figure 1 shows that for all four coals (at a drop dis-
tance of 15.2 cm), specific mutagenicity exhibits a grad-
ual rise then fall with increasing temperature, peaking
near 1500K. Figures 2 and 3, however, reveal that the
overriding effect of extractable organic yield, which
peaks at a lower temperature of1300K, causes the total
mutagenicity toreach its highest value atthe same tem-
perature of 1300K. This behavior illustrates the impor-
tance of the competition between formation and de-
struction reactions ofthe aromatics. Between 900K and
1300K, the mutagen formation reactions predominate.
At temperatures higher than 1300K, the destruction
reactions prevail, but these reactions show slight par-
tiality to the nonmutagenic species since total muta-
genicity does not drop quite as steeply as yield.
Figures 4 through 6 display the influence of temper-
ature and drop distance on the mutagenicities and yield
ofthe organics from the most mutagenically active coal,
PSOC 997. Figure 5 shows the specific mutagenicity to
be insensitive to residence time at the lowest and high-
est temperatures, 1100K and 1700K. Specific mutage-
nicity is much higher at 1500K, however, and peaks at
an intermediate distance of 11.4 cm.
Yield behaves differently from mutagenicity, dis-
playing peak values at successively shorter distances
for successively higher temperatures. Because of its
dominant effect, yield determines theshapes ofthetotal
mutagenicity curves in Figure 6. The huge specific mu-
tagenicities ofthe 1500K samples, however, contribute
somewhat to the large amplitude of the corresponding
total mutagenicity curve.
Again, the conflicting influences of the mutagen for-
mation and destruction reactions are evident. As dem-
onstrated in Figure 6, at low temperature (1100K), for-
mation reactions prevail, gradually producing more
mutagenic species with longer time until 11.4 cm, when
destruction reactions take over. A higher temperature
(1500K) accelerates both formation and depletion re-
actions, so peak yield is seen at shorter distance (7.6
cm). At 1700K, reactions are so fast that formation of
mutagens is almost instantaneous, and the dominant
picture is one of destruction. Hence, total mutagenici-
ties of the 1700K samples are essentially negligible.
Mutagens
A provocative feature of these data is the lack of
correspondence between the temperature dependence
ofspecificmutagenicactivity (Fig. 1) andthat oforganic
yield (Fig. 2). Peak specific mutagenic activity for sub-
bituminous and high volatile bituminous coals was
shifted to higher temperatures vs. peak organic yield.
As a function ofresidence time, peak specific mutagenic
activity (Fig. 5) appeared later than peak organic yield,
at 1500K (Fig. 4).
These data supportthe notionthatpyrolysis products
undergo chemical transformations from relatively non-
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mutagenic to more mutagenic species with increased
residence time or temperature. The nature of these
changes awaits the identification of the mutagens in-
volved.
Conclusions
The mutagenicity ofcoal pyrolysis products depends
on three factors: the chemical structure of the parent
coal, pyrolysis temperature, and residence time, as a
consequence of the differences in both specific muta-
genicity ofthe pyrolysis products and their yields.
Total mutagenicity exhibits the following order with
coal type: high volatile bituminous > subbituminous
-
lignite >> anthracite. This order, which is similar to
that of volatile matter in the parent coals, reflects the
comparative yields ofextractable material from the py-
rolysis of these coals. Total mutagenicity peaks in a
temperature range of 1300K to 1500K for all four coals
and generally parallels the temperature and residence
timetrends ofaromaticyield. Mutagensformfasterand
are destroyed faster at higher temperatures.
Specific mutagenicity varies with coal type and py-
rolysis conditions, but differences exhibit only a sec-
ondary effect on total mutagenicity. Specific mutagenic
activityreachespeakvalues athighertemperaturesand
longer residence times than does organic yield.
There is a competition between mutagen formation
and mutagen destruction reactions that evinces itselfin
the residence time/temperature trends of total muta-
genicity. Formation reactions prevail at low tempera-
tures and short times; destruction reactions prevail at
high temperatures and long times. The resulting prod-
ucts reflect the relative dominance of one set over the
other.
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